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h i g h l i g h t s
 Sunﬂower- and soybean-based biodiesels were synthesized by transteriﬁcation.
 Stability to oxidation was determined using ASTMD 7545 method.
 Ionol BF 200 was and effective inhibitor for biodiesel oxidation.
 Antioxidant oxidation kinetics was of ﬁrst order for soybean biodiesel.
 Oxidation kinetics was apparently of zero-order for sunﬂower biodiesel.a r t i c l e i n f o
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The oxidation stability of biodiesels obtained from the transesteriﬁcation of sunﬂower and soybean
reﬁned oils was studied using a method of accelerated oxidation (under 700 kPa oxygen atmosphere),
the so-called PetrOXY method. The antioxidant Ionol BF 200 was used in a concentration range from 0
to 5000 ppm, and the experiments were carried out with temperatures varying from 130 to 145 C. Oxi-
dation kinetics could be described with a good precision, considering that correlation coefﬁcients were
above 0.99, obeying a ﬁrst-order reaction kinetics in relation to the concentration of antioxidant for soy-
bean biodiesel and an apparently zero-order kinetics for sunﬂower biodiesel (which was the result of
mathematical approximations derived from a more chemically appropriated ﬁrst-order kinetics). Reac-
tion speciﬁc velocities were determined and enthalpies of activation for antioxidant oxidation were
determined from Arrhenius plots. All the results indicated that, for the same inhibitor concentration, sun-
ﬂower-derived biodiesel was less stable towards oxidation than the soybean one.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Biofuel technology has become increasingly important to the
relationship between the raising demand for new sources of en-
ergy and the growing attention of both government agencies and
ecological non-governmental organizations. Biodiesel is less toxic
than petrodiesel. It presents better degradability, higher ﬂash
points [1], and superior lubricity qualities (approximately 66%
higher) than the later one [2]. In addition, biodiesel has a greener
nature and better ignition qualities [3–5] if compared to other fuels
from other sources.
Biodiesel is obtained from renewable sources, such as vegetable
oils and fats [5,6]. It is usually obtained by transesteriﬁcation reac-
tions between a triglyceride and a short chain alcohol, in the pres-
ence of a catalyst. During the process, the long branched chains of
triglycerides are converted to monoesters and glycerol [7]. Severalvegetable oils can be used in biodiesel production. However, the
availability of these raw materials strongly depends on climatic
conditions, soil, and geographical location. Among the oils most
commonly used in the production of biodiesels are canola, soy-
bean, sunﬂower, and palm ones [8–10]. Currently, Brazil is using
soybean oil as the primary raw material in the production of bio-
diesel, also relying in other potential sources, such as sunﬂower,
cotton, palm, babassu, and peanut oils [8].
Unfortunately, as reported by several researchers [11,12], this
fuel has low stability when compared to fossil fuels. The reason for
that resides in its chemical composition, rich in polyunsaturated
fatty acid chains, which limit its long-term storage [13,14]. Accord-
ing to Frankel [15], the oxidation rate of these compounds are re-
lated not only to the number of double bonds in the carbonic
chain, but also to the location of these bonds on the chain. In partic-
ular, bis-allylic sites are reactive to free radical formation and then
direct reaction with oxygen to form peroxides, and these are crucial
to understanding instability. Other researchers [16] afﬁrm that fac-
tors such as light, high temperatures, humidity, and presence of
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tion process. Research by Dinkov et al. [17] reports that this suscep-
tibility to oxidationmay also vary according to the rawmaterial and
the action of natural antioxidants already present after the ﬁnal pro-
cess of fuel preparation. The addition of antioxidants is used to over-
come these problems: among these antioxidants, the most
commonly used ones have been developed for petroleum-derived
fuels, such as butylhydroxytoluene (BHT), butylhydroxyanisole
(BHA), propyl gallate (PG), and pyrogallol (PA) [18].
Numerous methodologies have been developed to study the
phenomena related to thermal and oxidative degradation of bio-
diesels. Presently, the analytical method used to evaluate the oxi-
dative stability of biodiesels is the Rancimat method (EN 14112,
European Norm), which is largely accepted as an international
standard [19]. This method was ﬁrst designed to determine the sta-
bility of oils and fats [20]. Later, it was used as an index of oil sta-
bility [21]. Stability tests using ASTM D 6751 (American Society of
Testing and Materials) method are analogous to this European
norm [22]. As these techniques are relatively time-consuming,
researchers have been looking for more efﬁcient alternatives. No-
vel techniques include differential scanning calorimetry (DSC)
and pressurized differential scanning calorimetry (PDSC) [23]. Re-
cently, a method for accelerated oxidation using pure oxygen
atmosphere, denominated PetroOXY (ASTMD 7545), has been used
and linear relationship between the induction times obtained by
this method and the ones obtained by the standard Rancimat
method (EN 14112) was found [24,25]. The advantage of this tech-
nique, when compared to traditional methods, is the need of smal-
ler amounts of sample, and that it has a shorter time of analysis,
resulting in faster results with higher reproducibility [24].
In this work, the kinetics of oxidation of biodiesels made from
soybean and sunﬂower oils containing the antioxidant Ionol BF
200 is monitored, using the ASTMD 7545 method of accelerated
oxidation. A kinetic model for the oxidation is proposed from the
resultant data.
2. Experimental
2.1. Materials and reagents
Soybean oil (Soya, Brazil), sunﬂower oil (Liza, Brazil) were used
as received. Characteristic fatty acid compositions of these oils have
already been reported in the literature and are listed in Table 1
[21,26]. Methyl alcohol (Synth, 99.95%, Brazil), sodium hydroxide
(Synth, 99%, Brazil), Ionol BF 200 (2,6-Di-tert-butylphenol > 50%;
1% phenol; 2-tert.butylphenol < 2%; 4-tert-butylphenol < 10%;
2,4-di-tert-butylphenol < 2%; 2,4,6-tri-tert-butylphenol < 20%;
Degussa Sant Celone, Spain) was used as antioxidant.
2.2. Biodiesel synthesis
The reaction of transesteriﬁcation has an oil/alcohol molar ratio
of 1:3 and an oil/alcohol molar ratio of 1:6 was used to ensure thatTable 1
Fatty acid composition for soybean and sunﬂower oils [21,26].
Fatty acid composition (%)
Soybean oil Sunﬂower oil
C16:0 (Palmitic) 10.58 6.08
C18:0 (Stearic) 4.76 3.26
C18:1 (Oleic) 22.52 16.93
C18:2 (Linoleic) 52.34 73.73
C18:3 (Linolenic) 8.19 0.13
Saturated 15.34 9.34
Unsaturated 83.05 90.79reaction went to completion. Sodium hydroxide was used as cata-
lyst (0.6% of the mass of oil) and methanol, in excess, as the agent
of transesteriﬁcation. The reaction was carried out at 60 C, under
continuous stirring for 60 min. At the end of the reaction, the prod-
uct was transferred to a separation funnel and the upper phase, ri-
cher in ester, was collected. The puriﬁcation of the ester phase was
carried out by three washings with distilled water (10% of the mass
of ester). The third washing was carried out with water at 90 C, in
order to eliminate residual traces of catalyst, glycerin and soap
formed during the reaction [27]. The puriﬁed product was treated
with anhydrous sodium sulfate to eliminate any remaining humid-
ity. Both biodiesels had their main parameters determined by dif-
ferent standards. The resultant values (as well as their required
speciﬁcations) are displayed in Table 2.2.3. Oxidation stability analysis
The stability to oxidation of the fatty acid methyl esters was
determined using the PetroOXY method (ASTM D7545). This fast
method is proposed as an alternative to the ones described in the
norms ASTM D2274 and EN 14112, which require longer times
for analysis. In this analysis, 5 mL of sample were placed in a
tightly-closed cell under pure oxygen atmosphere (oxygen con-
tent > 99.6%), under 700 kPa and at room temperature (25 C). As
the pressure stabilized, the system temperature was increased to
the required temperature and the analysis began at a time t = t0
(which was also characterized as the time at which occurred a
maximum in the system pressure). The end of the analysis was
characterized by a decrease of 10% in the maximum pressure reg-
istered for the system at time t = ti, where ti represents induction
time [24,25]. The effective induction time was determined as
Dti = ti  t0. The process involved in the analysis can be more
clearly visualized in Fig. 1. The induction period was determined
for antioxidant concentrations varying from 0 to 5000 ppm. All
the experiments were carried out in triplicate.3. Results and discussion
Fig. 2 shows pressure proﬁles for oxidative tests in three runs at
140 C for sunﬂower- and soybean-based biodiesels. The method
presents good reproducibility, for both biodiesels. One can see that
they presented low oxidation stabilities, certainly due to the ab-
sence of natural antioxidants (present in the unreacted oils), which
may have been lost in the process of biodiesel synthesis/puriﬁca-
tion [28].
Table 3 shows the results for oxidative tests at the temperatures
of 130 C, 135 C, 140 C, and 145 C, for sunﬂower and soybean
biodiesels. It is evident that as temperature increases, the induc-
tion period decreases (e.g., it decreased ca. 35% (sunﬂower biodie-
sel) and 59% (soybean biodiesel) for an increase in temperature
from 130 C to 145 C). The higher amount of unsaturated acids
in the composition of sunﬂower oil [21,26] will result in a lower
stability of this oil towards oxidation, since double bonds are very
reactive upon interaction with oxygen [29]. It can also be seen that
the worst reproducibility of induction period is around 9.9%. This
moderately high experimental error is compensated by the much
shorter time of analysis, when compared to the Rancimat method.
Fig. 3 depicts a plot of effective induction time,Dti, as a function
of inhibitor concentration, C0, at different temperatures. This ﬁgure
shows that the antioxidant effectively worked even at the low con-
centrations used in this work (up to 1000 ppm), mainly at the low-
est temperature (130 C). Xin et al. have also reported that, when
used in concentrations below 1000 ppm the effect of antioxidant
propyl gallate was remarkable for safﬂower oil biodiesel [30]. Chen
and Luo veriﬁed the activity of different antioxidants with concen-
Table 2
Main parameters of biodiesels obtained in this work, using different methodologies. ANP stands for the norm of Brazil’s Agência Nacional de Petróleo.
Parameter (unity, methodology) Biodiesel Required values
Soybean Sunﬂower ANP 14/2012 ASTM D6751-11b EN 14214
Acid value (mg KOH g1, ASTM D 664) 0.21 0.21 <0.5 0.5 0.5
Kinematic viscosity (mm2 s1, ASTM D 4052) 4.1 4.5 3.0–6.0 1.9–6.0 3.5–6.0
Density at 20 C (kg m3, ASTM D 4052) 880.0 880.0 850–900 – 860–900
Ester content (%, EN 14103) 96.8 96.9 >96.5 – >96.5
Water content (mg kg1, ASTM D 1744) <0.05 <0.05 <500 – <500
Flash point (C, ASTM D 93) 175 183 >100.0 >130.0 >101
Oxidaton stability (h, EN 14112) 3.28 1.54 >6 >3 >6
Free glycerin (% m/m) 0.004 0.004 – 0.020 0.020
Total glycerin (% m/m) 0.02 0.02 – 0.24 0.25
Iodine number (gI2/100 g) 115 117 – – <120 (EN14111)
Fig. 1. Pressure proﬁle during experiments realized in PetroOXY equipment. The
effective induction time is Dti = ti  t0.
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that these compounds positively impacted the induction periods in
the resultant systems [31]. Dinkov et al. [17] reported a commer-
cial antioxidant to be more effective at a concentration of
250 ppm. It can also be observed that an induction time of
30 min is obtained for soybean biodiesel with around 3700 ppm
antioxidant, i.e. this biodiesel can be stabilized (in accordance with
the requirements of EN 14214) with an oxidant content of 0.37%.
Finally, it is clear that, in the case of the sunﬂower biodiesel,
data suggested a linear dependence between Dti and C0, in contrast
with the results for the soybean-derived biodiesel, which had a
non-linear character. In the next paragraphs, a kinetic model able
to account for both behaviors will be developed.Fig. 2. Pressure proﬁles for oxidative tests of sunﬂower biodiesel in three runs at
140 C for: (a) sunﬂower-based biodiesel and (b) soybean-based one. Circles, run
#1; squares, run #2; diamonds, run #3. Induction times related to these tests are
displayed in Table 3.3.1. A kinetic description of inhibitor consumption
The chemical structure of biodiesels make them susceptible to
thermal and oxidative degradation [17]. The process of oxidation
of an organic compound is very complex, consisting of numerous
steps [32,33]. It usually starts with the step of self-oxidation (con-
trolled by factors such as light and heat), going through the prop-
agation step (a faster step, resulting in the formation of primary
hydroperoxides) [34], until the end of the process (formation of
stable secondary products) [23,35]. Simic and Javanovic pointed
out that the main function of the antioxidant is to remove free rad-
icals formed during the steps of initiation and propagation by
donating hydrogen atoms, interrupting the chain reaction [36].
Some approximations, in order to make this complex situation
manageable, have to be carried out. If oxidation is carried out in
wide excess of oxygen, to maintain constant concentration, it is
widely known that the consumption of antioxidant has a
ﬁrst-order kinetics in relation to the antioxidant [37]:dC
dt
¼ k1C: ð1Þ
Eq. (1) must be integrated within the limits of C0 + C0,I (the initial
concentration of added inhibitor, C0, plus the equivalent concentra-
tion of inhibiting species intrinsic to the biodiesel, C0,I) and C = CC,
the critical concentration of antioxidant (the concentration at which
it would not prevent biodiesel oxidation):
Z CC
C0þC0;I
dC
C
¼ k1
Z ti
t0
dt; ð2Þ
so that
ln
CC
C0 þ C0;I ¼ k1Dti; ð3Þ
Table 3
Induction times for sunﬂower and soybean biodiesels at tests in function of temperature.
Temperature (C) Sunﬂower biodiesel Soybean biodiesel
130 135 140 145 130 135 140 145
Induction time (min) 8.76 7.53 6.35 5.38 31.43 23.71 17.55 13.70
7.71 6.33 5.85 5.15 31.25 21.72 17.46 12.66
7.45 6.28 5.71 5.00 31.21 21.12 17.15 11.70
Average induction time (min) 7.97 6.71 5.97 5.17 31.29 22.18 17.39 12.92
Maximum deviation from average induction time (%) 9.9 12 6.4 3.9 0.45 6.9 1.4 9.4
Fig. 3. Effective induction time, Dti = ti  t0, as function of inhibitor concentration
for sunﬂower and soybean biodiesels: (a) sunﬂower biodiesel; continuous lines,
best ﬁt of Eq. (7), (b) soybean biodiesel; continuous lines, best ﬁt of Eq. (4).
Diamonds, 130 C; triangles, 135 C; squares, 140 C; circles, 145 C.
Fig. 4. Arrhenius plots for speciﬁc oxidation velocities: (a) sunﬂower biodiesel;
continuous lines, best ﬁt of Eq. (7) and (b) soybean biodiesel; continuous lines, best
ﬁt of Eq. (4).
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arrangement, becomes
Dti ¼ 1k1 ln
C0 þ C0;I
CC
 
: ð4Þ
Data from Eq. (4) fully describes the behavior of soybean biodiesel,
as one can verify inspecting Fig. 3 (Eq. (4) was ﬁt to data via non-
linear regression, using the software Origin 8.5). CC and C0,I
were independent of concentration and had the values of
(3.9 ± 0.8)  103 ppm and (3.2 ± 0.7)  103 ppm, respectively, so that
CC  C0,I, indicating that native antioxidants are simply not effective
at preventing oxidation or are present at such low levels that at the
high oxygen partial pressure of this experiment they are consumed
so rapidly that they have little effect on induction time. The depen-
dence between k1 and temperature will be subsequently discussed.
Next, we show that a linear relationship between C0 and Dti is
obtained as a result of mathematical approximations, if CC is
reached at short times (which is consistent with a higher reactivitytowards oxidation of sunﬂower oil). Let us re-write Eq. (3) to ana-
lyze this situation:
CC
C0 þ C0;I ¼ e
k1Dti : ð5Þ
The right term of Eq. (5) can be expanded in the form of a
McLaurin series and, assuming k1Dti is very small, only the ﬁrst
two terms of the series were used:
CC
C0 þ C0;I ¼ e
k1Dti ¼
X1
i¼0
ð1Þi k1Dt
i
i
i!
ﬃ 1 k1Dti: ð6Þ
After re-arranging, it results in
Dti ¼ 1k0 ðC0 þ DCCÞ; ð7Þ
where k0 = k1(C0 + CI,0) and DCC = C0,I  CC. Some authors point out
that free radicals generated during initiation step may react with
oxygen to form free radicals, peroxides and hydroperoxydes, result-
Fig. 5. Stabilization factor, FS, for biodiesels in oxidative tests under atmosphere of
pure oxygen and pressure of 700 kPa: (a) sunﬂower biodiesel, (b) soybean biodiesel.
Circles, 130 C; squares, 135 C; triangles, 140 C; diamonds, 145 C.
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relationship between C0 and Dti [38,39]. Against this point of view
is the fact that, in the case of soybean biodiesel, kinetics was clearly
of ﬁrst order. The value of DCC = C0,I  CC was independent of tem-
perature and was found to be (7 ± 4)  10 ppm: one can see that,
again, CC  C0,I. However, in order to fulﬁll the conditions needed
for approximations involved in Eq. (7), for sunﬂower biodiesel
CC
C0þC0;I  1, i.e., CC C0. It implies that, in the case of sunﬂower bio-
diesel, inhibitor has to be much more intensively consumed. It is
consistent with a higher concentration of double bounds in the case
of sunﬂower oil that tends to destabilize the system towards
oxidation.
The relationship of speciﬁc velocities with temperature fol-
lowed an Arrhenius-type dependence, as shown in Fig. 4, in which
natural logarithm of speciﬁc velocity is plotted as a function of re-
ciprocal absolute temperature for both biodiesels. The Arrhenius-
type dependence of the velocity constant can be described as
ln k1 ¼ lnA0  DGART ¼ ln k0 
DHA
RT
; ð8Þ
where A0 is a preexponential factor, DGA is the free energy of acti-
vation, ln k0 ¼ lnA0 þ DSAR , and DSA is the entropy of activation.
The values of enthalpy of activation, sometimes referred to as
apparent energy of activation [40], obtained from ﬁtting Eq. (8)
to data from Fig. 4, were (119 ± 2) kJ mol1 and (128 ± 3) kJ mol1
for sunﬂower and soybean biodiesels, respectively. The higher acti-
vation enthalpy for soybean biodiesel oxidation is in agreement
with a higher stability of soybean biodiesel towards oxidation.
Apparent activation energies of 85.68 and 97.02 kJ mol1 have
been reported for the consumption of propyl gallate and Ethanox
4560E, respectively [30,31]. Most of organic compounds apparent
energies of activation are in the range of 40–400 kJ mol1 [41].Antioxidant activity may also be quantiﬁed using the stabiliza-
tion factor, FS, deﬁned as [42–44]
FS ¼ DtiDti;0 ; ð9Þ
where Dti,0 is the induction time of the sample without antioxidant.
Fig. 5 shows plots of stabilization factor as a function of concentra-
tion of antioxidant for sunﬂower and soybean biodiesels, at the
temperatures used in this work. Data show that stabilization factors
for sunﬂower biodiesel were three times higher than the ones for
soybean biodiesel. In other words, although oxidation occurs more
promptly in sunﬂower biodiesel, this very instability towards oxida-
tion makes antioxidant action, in relative terms, to be more evident
for this biodiesel.
4. Conclusions
A novel analysis of data from the ASTMD 7545 method of accel-
erated oxidation in pure oxygen and 700 kPa was developed and
used to evaluate oxidative stability of samples of sunﬂower and
soybean biodiesels with and without the presence of an antioxi-
dant. A kinetic of ﬁrst order in relation to oxidized species was
found in the case of soybean biodiesel. Mathematical approxima-
tions bound to the occurrence of short of induction times resulted
in an expression that apparently was of order zero, for sunﬂower
biodiesel. The lower stability towards oxidation of sunﬂower bio-
diesel was conﬁrmed by a slightly lower enthalpy of activation
and by the behavior of the oxidation stability factor, conﬁrming
the important role of Ionol BF in the stabilization of these systems.
The moderately higher relative experimental errors, resultant from
the use of ASTMD 7545 method (when compared to the Rancimat
one), were fairly compensated by a much shorter time of analysis.
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